Abstract-We propose a system for measuring entropy variations, S, in thermal systems using pyroelectric sensors. These sensors convert time-dependent temperature variations into electrical current. Consequently, heat and temperature variations are obtained, and sensor entropy is inferred. Various polyvinylidene fluoride and lead zirconate titanate sensors have been tested. Two types of measurements are performed. One in the volume, to measure entropy variations in a heat source, and the other on the surface, to measure entropy flux delivered by the heat source. Thermodynamic models and heat transfer dynamic simulations agree with the experimental results and relate the sensor entropy to the heat source entropy. These results show that pyroelectric sensors can enable entropy monitoring of thermal processes to improve system performance.
I. INTRODUCTION

I
N ENERGY generation systems, output energy is the target to be maximized, whereas energy efficiency must retain the maximum yield. However, losses during energy conversion can reach up to 60%, with most of it being dissipated as low-grade thermal energy [1] . For instance, in electrical energy generation, gas, wind, and water turbine efficiencies are as large as 40%, 60%, and 90%, respectively. The efficiency is around 30%-60% in electrical motors, 10%-50% in combustion engines, and 20%-50% in refrigerators. Consequently, energy conversion efficiency is a critical issue that must be addressed, i.e., the output energy for a given input energy should be maximized.
Energy loss is connected to entropy generation. Entropy is a common parameter in chemical reactions and is commonly studied in thermodynamics [2] , [3] , biology [4] , and materials science [5] - [7] . From a technical viewpoint, entropy is considered in the design of refrigeration and combustion engines for thermodynamic efficiency [2] , [8] as well as in batteries [9] , [10] . However, entropy generation in irreversible processes is not commonly monitored in real time, although it can be interesting to do so in many fields ranging from thermal energy management to aging systems [2] , [11] , [12] . In our previous research [13] , [14] , we found that entropy can be used to estimate the failure and aging of an electrical circuit because it increases monotonously; thus, a threshold for maximum tolerated wear out, either for electrical or mechanical systems, can be defined. Heat and temperature measurements are needed to estimate entropy. Heat is usually measured using calorimeters, which are not practical for in situ measurements. Heat flux sensors based on the Seebeck effect are also being used. With respect to temperature, common sensors are thermistors, thermocouples, RTDs, and pyroelectric sensors. Thermistors and RTDs are semiconductors and conductors, respectively, whose resistances are temperature dependent. Thermocouples are based on the Seebeck effect, and pyroelectric sensors are sensitive to time-dependent temperature fluctuations. Our approach is to relate temperature and heat in the sensor through the thermal capacity, C p = dQ/dT. Among the possible sensors, pyroelectric sensors are preferred because they are bulk sensors with a well-defined heat capacity and need no external bias. Thermocouples were discarded because they are junctions of two materials, and RTDs and thermistors need to be biased. Pyroelectric sensors convert temperature variations into electrical currents; they have been widely commercialized as presence detectors, fire detectors, and infrared detectors [16] - [19] .
In this work, we investigate the use of pyroelectric sensors in the monitoring of temperature fluctuations, obtain the heat involved in the process via heat capacity, and estimate the sensor entropy variation. We consider entropy measurements in volumes and entropy flux through surfaces (a preliminary study was presented in [15] ). Sensor entropy is finally related to entropy change in the system under study using a convenient model. This paper is organized as follows. In Section II, a phenomenological model describing the relationship between the basic heat conduction equation, thermodynamics, and pyroelectric current generation is described. In Section III, we describe the materials and methods used to test our hypothesis. In Section IV, we report on the entropy measured using various pyroelectric sensors; finally, we discuss our results and summarize the conclusions.
II. THEORETICAL APPROACH
The aim of this research is to measure entropy variation in a heat source using pyroelectric sensors. These sensors generate electrical currents proportional to temperature fluctuations. Therefore, we investigate how thermal energy is transferred from the heat source to the pyroelectric sensor. This is evaluated using heat transfer equations.
A. Entropy and Heat Transfer
In thermodynamics [2] , [3] , entropy, S, is a function of state: intrinsic and extensive. The change in S is defined as the heat exchanged by the material, δ Q, at a particular temperature, T.
To study entropy variations using a pyroelectric sensor, we consider both heat exchange and temperature variations. Thus, an entropy sensor must monitor both temperature and heat.
Heat is transferred from the environment into a pyroelectric sensor by conduction at a temperature, T , as illustrated in Fig. 1 . This process is ruled by the general heat conduction equation for solids.
where ρ, C P , and k are the density, heat capacity at constant pressure (C p = c p · m, where m is the mass and c p is the specific heat capacity), and thermal conductivity of the pyroelectric material, respectively [20] ; t is the time, and Q represents environmental heat sources. The term on the left-hand side of the equation describes time-dependent thermal variation, whereas that on the right-hand side is related to the thermal spatial gradients. From this definition, we can see that pyroelectric sensors can be used to characterize heat transfer (this observation will be clarified when studying pyroelectric response: see Eq. (3) [2] , [21] ). There are certain considerations regarding the boundary conditions of this equation that should be noted: i) Heat transfer mechanisms. In solids, heat is transferred by conduction. Convection is considered as a boundary condition at the interface if the sensor is in contact with fluids. Radiation is negligible for solid/liquid interfaces at low temperatures (T < 340 K).
ii) Space vs. time heat transfer. The contributions of both terms need to be considered. To discriminate between each term's contribution, simulations are performed.
iii) Volume vs. surface measurements. The entropy sensor can be located either inside a medium for volume entropy measurement (as illustrated in Fig. 1 ) or fixed to a surface for entropy flux measurement through the surface (as shown in Fig. 2 ). In the volume case, heat is transferred to the sensor from every direction, such that it is possible to measure entropy generation in the medium. In the case of surface sensors (to measure entropy flow through a surface), heat is conducted from one electrode plate to the other through a pyroelectric capacitor. In this case, the entropy flow is generated in the medium and transferred to the environment. In both cases, the sensor's temperature rises with heat absorption.
B. Pyroelectric Response and Entropy Determination
A pyroelectric material is a dielectric with polar point symmetry, which shows a spontaneous electrical polarization as a function of temperature. For pyroelectric flat-plate capacitors poled along the axis perpendicular to the plates, we assume a homogeneous pyroelectric material whose temperature, T , is uniform at any point in time; therefore, the generated pyroelectric current, I , is given by
where A is the electrode surface area of the material sample and λ is the pyroelectric coefficient [22] . Integrating over time, the generated charge, , is
T f − T i is the sensor temperature difference between the initial, T i , and final, T f , temperatures. From these expressions, temperature evolution can be directly inferred as
In addition, rearranging (3) we can write
where we consider a pure pyroelectric material with heat capacity C p = dQ/dT . If we assume the hypothesis of local equilibrium, entropy is defined locally and instantaneously [23] -i.e., if the pyroelectric sensor is at a particular temperature, T, at a particular time, t, then the entropy variation will be due to the heat transferred to the sensor, Q, as defined by (1) . If this process is repeated in time, as illustrated in Fig. 3 , then the total entropy variation will consist of the integral of the time intervals' variations if they are made short enough for quasistatic equilibrium. 3 . Pyroelectric sensor that evolves from T i at t i to T f at t f while receiving Q heat over each interval, as inferred from [2] .
With this approach, we can write, the entropy rate in the pyroelectric sensor for any particular interval at temperature T as
If the generated current is integrated over time, entropy variation can be written as
Notice that T is assumed to be constant over the examined intervals. While S rate is obtained from direct measurements of I and T, S can be found by numerically integrating S rate .
If we substitute (3) into (8), we recover the well-known thermodynamic expression
which is used in the discussion once the experimental results allow for numerical integration. In summary, we have considered entropy and entropy rate variations in the pyroelectric sensor as functions of its parameters. Thus, both S and S rate can be inferred with the pyroelectric sensor.
III. MATERIALS AND METHODS
Pyroelectric cells using two different materials with varying geometries are used. The two basic types were the commercial Polyvinylidene fluoride (PVDF) sensors depicted in Fig.4a and fabricated Lead zirconate titanate (PZT) cells. The PVDF sensors were provided by Measurement Specialties, Inc. [24] . They consist of PVDF deposited on a flexible plastic substrate. The PZT samples were fabricated using thick film technology. These cells consist of a layer of 4 cm × 4 cm pyroelectric powder (Piezokeramica 856) sandwiched between two PdAg electrodes. Further details can be found elsewhere [25] . Cell details are described in Table 1 , and the characteristics of the investigated materials are described in Table 2 .
Pyroelectric sensors are usually modeled as current sources [26] , such that the output current can be measured using a transresistance amplifier. The electrical circuit is depicted in Fig.5 . The amplifier we use is an op-amp (TL074), and the feedback resistance, R f , is 1 M . The amplifier output voltage is measured using a computer-controlled data-acquisition system (either Agilent 34970A or 
To determine the experimental entropy variation, we conduct two different types of experiments: one measuring heat source entropy generation and the other measuring heat flow through the source's surface. In the first one, a 250-ml Fig. 5 . Equivalent pyroelectric sensor model connected to a transresistance amplifier. The thermistor is placed so as to settle the initial temperature of the pyroelectric sensor in the environment while the pyroelectric temperature monitoring is carried out directly based on its current profile [15] .
glycerin thermal bath at 343 K (70°C) is prepared using a heater Ovan -MicroMagmix as the heat source. The samples, originally at room temperature, are dipped into the bath. Glycerin is used because it is a good electrical insulator and its boiling point is 563 K (Fig. 4b) . In the second experiment, we attach the pyroelectric sensor to a metallic surface that acts as a heat source whose temperature is set at 343 K, as illustrated by the surface heater in Fig. 4c .
The physical structures of the pyroelectric film (see Fig. 4 , schematically illustrated in Figs 1-2) with the data described in Table 1 are modeled using finite-element software (Comsol Multiphysics). One-dimensional (1D) thermal simulations are performed using the data in Table 1 , and, taking advantage of sample symmetries along the z-axis, they can be extrapolated to 3D. Border effects are neglected, which is a common approximation for planar capacitors. Moreover, metal electrodes are better thermal conductors than dielectric materials; therefore, they do not limit heat transfer from the heat source to the pyroelectric material. Thermal simulations consider a heat source at constant temperature (a glycerin bath at the experimental temperature), with the pyroelectric sensor being dipped at an initial temperature equal to the ambient temperature. Thus, temperature, enthalpy, and entropy evolutions are monitored in the capacitor structure with consideration of the metallic electrodes. The electrical response of the pyroelectric sensor is not simulated. Similarly, the experimental setup for the surface measurement illustrated in Fig. 4c is modeled considering a surface temperature source and air as the environment. Convection is not considered.
IV. RESULTS
In this section, we present the experimental results for the electrical responses of the different pyroelectric sensors when exposed to various heating conditions. These results are compared with simulation analyses.
A. Heat Measurements in Dipped Samples
Heat is related to pyroelectric current by (3) using the C p -value for the sensor. Enthalpy, H , is the parameter investigated in simulations (H = U + P·V, where U is the internal energy, P is the pressure, and V is the volume). If no external work is done on the solids, the enthalpy equals heat variation, which is the case for these experiments. The comparison between the experimental results and the simulation curve is presented in Fig. 6 . There is good agreement, though slight differences are found in the transient dynamic process; these differences arise from the practical setup of dipping the sample in the glycerin bath.
B. Temperature Measurement in Dipped Samples
The temperature in the pyroelectric sensor is inferred from (5). Experimental results for the PVDF2 sample compared with the pyroelectric temperature obtained from the simulation based on the heat transfer equation are presented in Fig. 7 . The pyroelectric sensor follows the expected temperature variation as described in thermometry references [16] , [18] . This avoids the need for external temperature sensors with different time constants, which cannot measure the pyroelectric's inner temperature.
C. Entropy Determination in Dipped Samples
Entropy is immediately obtained from heat and temperature using (9) . The experimental results are compared with the simulation curves, and there is good agreement (see Fig. 8 ). 
D. Geometry Comparison in Dipped Samples
Entropy is an extensive property; thus, it scales with volume. We compare the entropy generation of two PVDF sensors of various sizes (PVDF1 and PVDF2 in Table 1 ). Their volume ratio is 2.76. Their experimental entropy ratio after heating is approximately 2.7, which perfectly matches the volume ratio, as illustrated in Fig. 9 .
E. Surface Measurements
The relationship between the entropy flux and volume measurements is investigated according to the setups described in Figs. 1 and 2 . The expected differences are found at the maximum entropy change (see Fig. 10 ). Experimental results illustrated in Fig.11 show good agreement with the simulation for the total S but larger differences during the dynamic response of the sensor. These deviations are discussed later.
V. DISCUSSIONS
A. Model and Approximations
In this section, we first discuss the impact of the assumptions used in heat transfer equation (2); later, we evaluate the experimental results according to thermodynamics and simulation. Fig. 10 .
Simulations of entropy generation in the pyroelectric sensor PVDF2 for two cases: 1) surface measurement, where one side of the sensor is at room temperature because of contact with air (red dashed line) and 2) volume measurement, where the sensor is completely inside the glycerin bath (black solid line). Heat convection may have had an effect on the pyroelectric measurements because the samples were dipped into the bath. To evaluate this effect, we evaluate Biot's number, defined as Bi = h·L/k, where h is the convective parameter (estimated as approximately 15), k is the thermal conduction, and L is the thickness of the sample [20] . In our case, Bi = 0.05. As long as Bi < 0.1, thermal conduction is fast enough to minimize thermal gradients; thus, convection is negligible.
In heat transfer equation (2), heat is transferred conductively in accordance with k · ∇ 2 T . The temperature gradient is found to be linear inside the pyroelectric sensor, both for the volume and surface simulations. Thus, the second-order temperature derivative is zero, and this term does not contribute. Consequently, time-dependent heat transfer occurs, which is convenient for pyroelectric conversion and entropy estimation, as inferred from the comparison of (2) and (3). However, pyroelectric equation (3) assumes that temperature is homogenous inside the pyroelectric, whereas the gradient is time-dependent, as illustrated in Fig. 12 . In the model described in Section II, the sensor is approximated as a lumped system; that is, during transient heat transfer, the temperature does not vary with position because of the small dimensions and high conductivity terms and small gradients, but the system temperature varies uniformly with time. This approximation is found to be valid for times greater than 0.1 s after the initial dipping; however, in the initial transient heat transfer, temperatures must be homogenized, as obtained from simulations and illustrated in Fig.13 , where the temperatures at both surfaces of the pyroelectric and the average temperature converge. Larger differences should be observed for surface measurements, which explain the transient differences between simulations and experimental results in Fig.11 . For this case, improved analyses of the pyroelectric coefficient, λ, as a function of position may improve agreement. Finally, we assume that both thermal capacity, C p , and the pyroelectric coefficients, λ, are temperature-independent in this first study. This is a reasonable approximation, considering the good agreement between the thermodynamic model and the experimental results. Future studies attempting to characterize C p (T ) will be necessary to take this second-order effect into account.
B. Results and Thermodynamics Model
Results comparing sensor geometries show that we can characterize entropy generation, which is an extensive parameter, if volume is normalized and thus becomes independent of the sensor geometry. Thus, whatever the sensor geometry is, realistic values can be achieved in environmental measurements, though the sensor should be as small as possible in order to not affect the environmental temperature. In our experiments, the environment is the thermal bath heat source. Good agreement between volume and surface measurements was found, although the transient evolution model should be improved for better agreement in the transient regions (Fig. 11) . Surface measurements may be improved using a specific sensor for entropy measurements, thereby minimizing the transient discrepancy.
Entropy-generation in the PVDF sample increases when dipped in the thermal source, in accordance with (9) , as illustrated in Fig. 8 and compared in Table 2 . The real interest of this work, however, is to relate the sensors' entropy to environmental entropy generation; thus, it is convenient to validate these results using thermodynamic models. We can estimate the theoretical thermodynamic entropy for the thermal bath from (11) and (12) . While the samples reach the bath temperature, the bath, which is considered to bea heat source, undergoes a change T < 0.2 K.
where
and the sum is calculated for all of the elements involved in the problem (heat source and sensors in this case). The pyroelectric sensor's temperature is not constant; thus, the entropy variation is given by
which is compared with the experimental data obtained through numerical integration of the experimental results using
as inferred from (5) and (9) . The comparison of the predictions of this thermodynamic model with the experimental results achieved with equations 7-14 for the investigated samples is shown in Table 3 . To compare different materials, we take the data for Comparison between entropy generation in PVDF and PZT heated with air flow in accordance with data from [25] . As illustrated in Table 3 , experimental results agree with the thermodynamic model, regardless of the material used (PVDF vs. PZT) or the heating source (air flow vs. glycerin bath).
PZT from [25] . In that case, samples were heated with air flow; the results are illustrated in Fig. 14 . The comparison between the obtained enthalpies and entropies for different temperature excursions also shows good agreement with experimental results, as depicted in Table 3 . These results are also independent of the type of pyroelectric sensor (PVDF vs. PZT) and even the heat source (glycerin bath vs. air flow), demonstrating the effective behavior of the entropy sensor.
C. Beyond the Sensor Entropy Measurement: The Environmental Measurement
Up to this point, we have discussed the entropy accumulated in the pyroelectric sensor. The interesting parameter, however, is the entropy released by the heat source, which is given by (11) and (12) for the case in which the C p of the heat source is known. In our experimental setup for the glycerin bath, S hs = −4.68·10 −3 J/K. The difference between the entropy released by the heat source, S hs, and that absorbed by the sensor, S sensor (PVDF2 sample), is the entropy gained by the Universe, S uni = S hs − S sensor . According to the second principle of thermodynamics, S uni > 0 for irreversible processes, and S uni = 0 for reversible processes. We find that S uni = 8.62·10 −3 J/K and 0.37·10 −3 J/K for PVDF1 and PVDF2, respectively. Though S uni > 0 in both cases, indicating that they are irreversible, the overall measurement accuracy must be improved for exact heat source entropy determination. This result is of particular interest for various reasons. First, because the size of the sensor is related to entropy generation, it should be kept small (note that S uni is larger for PVDF1 than for PVDF2). Second, in the glycerin bath, a simple thermodynamic model is easily obtained and comparison between S for the sensor and heat source is straightforward; however, in the case of air flow, the model is much more complex. However, the entropy generation at the sensor is a good estimation for both heating sources, i.e., the thermal bath and the surface heater. In fact, for PVDF2, the sensor entropy is 5.04·10 −3 J/K and the generated entropy is S uni = 0.37·10 −3 J/K. The difference between the sensor and the heat source entropy is ∼7.3%, which could be reduced even more by scaling down the sensor size, with a limit imposed by the second principle. Also, we have kept a surface at room temperature. This sensor could be placed in an isolated environment to improve measurements.
VI. CONCLUSION
We have investigated pyroelectric materials as entropy sensors and proved the concept from these results. Heat and temperature are estimated, and, thus, entropy is inferred. Geometry-dependence did not affect normalized entropy determination, as was theoretically expected.
Both volume entropy and entropy flow were measured. Whereas volume measurements showed good agreement with theoretical estimations, surface measurements only provided a good estimation of the total entropy flow, and transient entropy evolution should be investigated in more detail. Finally, the changes in the heat source and universe entropy could be obtained with our sensor using convenient thermodynamic models, which should provide insights into system energy yield.
Our accuracy was around 10%, which is encouraging for this initial stage of testing, because the sensor was able to predict the general trend even though the system has not yet been optimized. Possible avenues to improve these sensors include designing a pyroelectric sensor that minimizes geometrical dimensions and substrate effects with improved thermal conduction while maintaining a small thermal capacity.
These sensors have possible applications in characterization of both electrochemical processes and irreversible thermodynamic processes, like combustion, heat engines, and electrical systems with Joule dissipation.
